Background: Hypotension is commonly encountered in association with anaesthesia and surgery. Uncorrected and sustained it puts the brain, heart, kidneys, and the fetus in pregnancy at risk of permanent or even fatal damage. Its recognition and correction is time critical, especially in patients with pre-existing disease that compromises organ perfusion. Objectives: To examine the role of a previously described core algorithm ''COVER ABCD-A SWIFT CHECK'', supplemented by a specific sub-algorithm for hypotension, in the management of hypotension when it occurs in association with anaesthesia. Methods: Reports of hypotension during anaesthesia were extracted and studied from the first 4000 incidents reported to the Australian Incident Monitoring Study (AIMS). The potential performance of the COVER ABCD algorithm and the sub-algorithm for hypotension was compared with the actual management as reported by the anaesthetist involved. Results: There were 438 reports that mentioned hypotension, cardiovascular collapse, or cardiac arrest. In 17% of reports more than one cause was attributed and 550 causative events were identified overall. The most common causes identified were drugs (26%), regional anaesthesia (14%), and hypovolaemia (9%). Concomitant changes were reported in heart rate or rhythm in 39% and oxygen saturation or ventilation in 21% of reports. Cardiac arrest was documented in 25% of reports. As hypotension was frequently associated with abnormalities of other vital signs, it could not always be adequately addressed by a single algorithm. The sub-algorithm for hypotension is adequate when hypotension occurs in association with sinus tachycardia. However, when it occurs in association with bradycardia, non-sinus tachycardia, desaturation or signs of anaphylaxis or other problems, the sub-algorithm for hypotension recommends cross referencing to other relevant sub-algorithms. It was considered that, correctly applied, the core algorithm COVER ABCD would have diagnosed 18% of cases and led to resolution in two thirds of these. It was further estimated that completion of this followed by the specific sub-algorithm for hypotension would have led to earlier recognition of the problem and/or better management in 6% of cases compared with actual management reported. Conclusion: Pattern recognition in most cases enables anaesthetists to determine the cause and manage hypotension. However, an algorithm based approach is likely to improve the management of a small proportion of atypical but potentially life threatening cases. While an algorithm based approach will facilitate crisis management, the frequency of co-existing abnormalities in other vital signs means that all cases of hypotension cannot be dealt with using a single algorithm. Diagnosis, in particular, may potentially be assisted by cross referencing to the specific sub-algorithms for these.
H ypotension is commonly encountered during anaesthesia and may be mild and self-limiting. Sustained uncorrected hypotension has the potential to impair organ perfusion to such a degree as to result in irreversible ischaemic damage. When vital organs are involved, the result may be permanent neurological deficit, cardiomyopathy, or renal impairment. In the pregnant patient, the well being of the fetus may be compromised. In the acute setting, profound hypotension may herald or precipitate a cardiac arrest. In patients with limited cardiac reserve, even relatively mild levels of hypotension-to degrees often considered acceptable with ''standard'' anaesthetic techniques-might be problematic in terms of myocardial ischaemia. This has been exemplified with propofol associated deaths in ASA III-IV patients. 1 Cardiac reserve may also be reduced in patients with sepsis, renal disease, and major trauma in addition to those with intrinsic myocardial disease.
Hypotension is commonly associated with abnormalities of other vital signs, in particular heart rate and rhythm. Similarly, abnormalities of oxygenation and gas exchange may be present as evidenced by desaturation on pulse oximetry and problems with ventilation. It is important to determine which abnormality represents the primary problem as this will influence the differential diagnosis and management. This issue is worthy of consideration as it presents implications for workload and time management. In many cases hypotension should be adequately managed by recognition of simple patterns and, in such circumstances, a comprehensive elimination of all possible causes in every episode would result in unnecessary treatment and invasive procedures. Evidence from the AIMS reports demonstrates, however, that refractory or unexpected hypotension not infrequently represents a problem, as the cause or required management may lie outside the day-to-day repertoire of the anaesthetist. This lends support to the use of a structured approach when all is not going as expected.
In 1993 a ''core'' crisis management algorithm represented by the mnemonic COVER ABCD-A SWIFT CHECK (the AB precedes COVER for the non-intubated patient) was proposed as the basis for a systematic approach to any crisis during anaesthesia where it is not immediately obvious what should be done or where actions taken have failed to remedy the situation. 2 This was validated against the first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS). AIMS is an ongoing study which involves the voluntary anonymous reporting of any unintended incident which reduced or could have reduced the safety margin for the patient. 3 It was concluded that, if this algorithm had been correctly applied, a functional diagnosis would have been reached within 40-60 seconds in 99% of applicable incidents, and the learned sequence of actions recommended by the COVER portion would have led to appropriate steps being taken to handle the 60% of problems relevant to this portion of the algorithm. 2 However, this study also showed that the 40% of problems represented by the remainder of the algorithm ABCD-A SWIFT CHECK were not always promptly diagnosed or appropriately managed. [2] [3] [4] It was decided that it would be useful for these remaining problems to develop a set of subalgorithms in an easy-to-use crisis management manual. 5 This study reports on the potential place of the COVER ABCD-A SWIFT CHECK algorithm in the diagnosis and initial management of hypotension, provides an outline of a specific crisis management sub-algorithm for hypotension during anaesthesia, and provides an indication of the potential value of using this structured approach.
METHODS
Of the first 4000 incidents reported to AIMS, those which made reference to hypotension or cardiac arrest were extracted and analysed with respect to the following criteria: the surgical group, anaesthetic technique, patient's ASA status, phase of anaesthesia at the time of presentation, presenting features (including cardiac rhythm, blood pressure, oxygen saturation and other associated vital signs), the presumed precipitating cause, management, and outcome. The COVER ABCD-A SWIFT CHECK algorithm was applied to each report to determine the stages at which the problem might have been detected, and whether the cause would have been diagnosed and the problem resolved by applying the COVER portion of this algorithm. A specific sub-algorithm for hypotension was developed ( fig 1) and its effectiveness was tested for each report. This was compared with that of the actual management as recorded in each report. In addition to determining a difference between the two approaches with respect to the likelihood of correct diagnosis and management, it was of particular interest during this part of the exercise to evaluate if delays in diagnosis and overall outcome could have been improved with the application of the algorithm.
RESULTS
There were 438 reports that mentioned the words ''hypotension'', ''cardiovascular collapse'' or ''cardiac arrest''. These occurred across a range of procedural groups (table 1) .
The patients' ASA grades were available in 422 of the 434 cases (table 2) .
Hypotension was detected during all phases of anaesthesia but most commonly during the induction and maintenance phases (table 3) .
Aetiology
In 17% of cases more than one cause was implicated and 550 causative events were identified in the 438 reports (table 4) .
Drugs were considered to have contributed towards hypotension in 144 causative events (26%) (table 5). Drugs were nominated as causative if they were administered at or just before the hypotensive episode. Reports commonly cited more than one drug, particularly if the hypotension was attributed to induction agents. All induction agents given were nominated in these cases as it was not possible to implicate any particular drug as being responsible. The most commonly implicated drugs were intravenous induction agents in 36 cases, and inhalational agents in 37 cases, 12 of which represented errors with vaporisers. Syringe or ampoule swaps were reported in eight cases.
Hypovolaemia was reported in 50 cases (9%) and included revealed bleeding (n = 38), occult bleeding from intravascular lines and under drapes (n = 4) and dehydration (n = 5).
Regional anaesthesia was implicated as a cause on 77 occasions (14%); it was nominated as a cause whenever it was both present and could have either contributed to the initial hypotension or created difficulty with resuscitation (17%). Regional anaesthesia included epidural (n = 34), spinal (n = 36), caudal (n = 1), and brachial plexus block anaesthesia (n = 1). Combined spinal epidural (CSE) anaesthesia was the technique used in 10 cases of hypotension attributable to neuraxial anaesthesia. Hypotension was attributed to sympathetic blockade in 36 cases and to a high sensory level in 14. Total spinal blockade was reported in six cases. Other mechanisms implicated in causing hypotension included neuraxial opioids (n = 4), inadvertent intravenous local anaesthetic (n = 2), gas embolism (n = 1), and epidural adrenaline (n = 1). Caesarian section accounted for six of these which represented nearly half of all cases of obstetric related hypotension (n = 14).
In the 17% of reports in which more than one cause was identified, the most common combination was hypovolaemia and neuraxial anaesthesia. Hypotension in the presence of epidural or spinal blockade was associated with hypovolaemia in 15 cases, drugs in nine, surgical events in seven, and posture in two. There appeared to be a relationship between hip surgery and spinal or epidural anaesthesia causing hypotension at the time of reduction, reaming or insertion of cement in seven cases, of which three were associated with cardiac arrest.
Diagnosis
Hypotension was reported without an abnormality of heart rate or rhythm in 158 cases (36%). In the remaining cases, hypotension was associated with either cardiac arrest in 108 cases (25%), bradycardia or bradydysrhythmia in 134 cases (31%), or tachycardia or tachydysrhythmia in 38 cases (9%). Desaturation or an abnormality in ventilation was reported in 92 cases (21%). Sub-algorithms have been developed for each of these presentations and the diagnosis and management may be expedited by crossing to the relevant sub-algorithm when appropriate. These subgroups were inspected individually and compared with each other and with all cases of hypotension, bradycardia and tachycardia with respect to causes to determine if these revealed any patterns which might be useful in the development of the sub-algorithms, or for guidance on best practice when more than one problem occurred simultaneously (table 4 ).
An examination of the causes of hypotension associated with bradycardia when compared with the whole bradycardia dataset showed similarities (table 4) , although airway problems resulted more often in bradycardia without hypotension, and hypotension was associated with bradycardia more often than pure bradycardia in association with regional anaesthesia. This suggests that cross referencing with the bradycardia sub-algorithm may assist in the diagnosis of hypotension associated with bradycardia. Each algorithm was inadequate if used in isolation. With respect to management, the requirement for atropine is higher in bradycardia related hypotension than in hypotension overall (see the companion paper in this series on bradycardia 6 ). The cases of tachycardia and tachydysrhythmias alone or in association with hypotension were also compared (table 4) but only a small number of cases was reported. No major 
Tachy, all cases of tachycardia/tachydysrhythmia; 7 Brady, all cases of bradycardia; 6 Hypo, all cases of hypotension; H-CA, cardiac arrest in association with hypotension; H-brady, bradycardia in association with hypotension; H-tachy, tachycardia in association with hypotension. *Percentage of set or subset. ÀData mislaid, causes approximately 20% greater than reports.
Variation from 100% reflects rounding of percentages. Examples of causes expressed as number of cases: ôCardiopulmonary causes: H-CA: myocardial infarct (n = 3), gas embolism (n = 1), bronchopleural fistula (n = 1), pacemaker malfunction (n = 1), pressure on pericardium (n = 2); Hypo: myocardial infarct (n = 3), myocardial ischaemia (n = 1), left ventricular failure (n = 2), dysrhythmia (n = 1), tension pneumothorax (n = 4), haemothorax (n = 2), gas embolism (n = 5), fat embolism (n = 1); H-tachy: left ventricular failure (n = 1), tension pneumothorax (n = 2), haemothorax (n = 1), gas embolism (n = 1). 1Surgical causes: H-CA: central venous cannula wire (n = 2), hip cement or reaming (n = 3), pneumoperitoneum (n = 4), tourniquet (n = 1), suction (n = 1); Hypo: central venous cannula wire (n = 3), hip cement or reaming (n = 2), pneumoperitoneum (n = 2), clamp removal (n = 1), inferior vena caval compression (n = 1), retractors (n = 1), removal of atrial shunt (n = 1); H-tachy: central venous cannula wire (n = 2), hip cement or reaming (n = 1). **Central nervous system causes: CA: raised intracranial hypertension (n = 1); ÀÀMetabolic causes: CA: acidosis (n = 2), anaemia (n = 1). H-CA, cardiac arrest associated with hypotension; H-tachy, tachycardia in association with hypotension; H-brady, bradycardia in association with hypotension; H-normal, hypotension in association with a normal heart rate. *Combinations of drugs were used in some cases. ÀThree cases involved suxamethonium hyperkalaemia. GTN, glyceryltrinitrate. ôVancomycin (n = 3), b-blockers (n = 1), a-blockers (n = 1), digoxin (n = 1), hydrallazine (n = 1), phenytoin (n = 1), methylprednisone (n = 1). 1Thrombostat (n = 1), suxamethonium (n = 2), neostigmine (n = 2), metaraminol (n = 1), morphine (n = 1), fentanyl (n = 1). Hypo-CA, all cases of cardiac arrest associated with hypotension; Hypo, all cases of hypotension. *More than one outcome category may apply in each case; columns total over 100%. ÀOther: awareness, coagulopathy, aspiration, abandonment of surgery.
differences were observed. The same conclusion was reached in comparing sinus and non-sinus tachycardia, with the exception of allergy which was associated with sinus tachycardia (see companion paper in this series on tachycardia 7 ). Of 108 cases describing cardiac arrest, 40 of these involved degeneration from initial hypotension to a pulseless state. This distinction was made in order to identify diagnostic or management factors which may prevent deterioration from hypotension into cardiac arrest and hence improve outcome. No factors emerged which differentiated the two situations. Overall, 62% of cardiac arrests involved a bradyarrhythmia. Tachyarrhythmias and asytole were equally represented among the remaining cases (see companion papers on bradycardia 6 and tachycardia 7 for a discussion of rhythm). The expected higher incidence of high ASA grades in cardiac arrest was not realised. All grades were represented in the cardiac arrest group.
There were 92 cases (21%) of hypotension in which difficulty with ventilation without desaturation was described (airway obstruction, decreased compliance, hypoventilation (20 cases). There was one case of cyanosis and 70 of desaturation on the pulse oximeter, of which 21 represented an artefact resulting from diminished peripheral perfusion. On examining the patterns of vital signs when hypotension was initially detected, it was shown that artefact could not be reliably distinguished from those cases in which real abnormalities existed. It was concluded that the airway and ventilation must be formally assessed even when the saturation is within normal limits or artefact is suspected; in 12 reports airway abnormalities and hypotension co-existed as two separate unrelated problems.
Management
Management strategies were reported in 356 cases. Management was assessed as conventional or non-conventional on the basis of contemporary teaching. 8 9 Nonconventional management was reported in 12 cases. In most cases this represented treatments which have recently been revised-for example, the use of calcium chloride in cardiac arrest (n = 5) 8 and isoprenaline for bradycardia (n = 4).
9
Outcomes A poor outcome was reported in 28% of cases (table 6) . Cases were considered to have had a poor outcome if they were not resolved by the completion of the normal recovery period. An exception to this was electrocardiographic evidence of myocardial ischaemia occurring intraoperatively or in the recovery ward. These are included in cardiac events dealt with elsewhere in this set of papers. 10 11 Factors contributing to a poor outcome were evaluated with respect to ASA grade, presentation, cause, and management. As expected, a higher proportion of cases describing a poor outcome occurred in the cardiac arrest group than in those with hypotension alone (table 6). Death associated with hypotension without cardiac arrest was confined to patients with ASA grades III-V. Other causes of morbidity occurred in all ASA grades. There were 13 deaths on the operating table and 21 postoperative deaths. Approximately two thirds of these were associated with a bradyarrhythmia. Cardiovascular and chronic renal diseases were the most common chronic conditions reported and hypovolaemia, sepsis, and acute cardiac dysfunction were commonly reported acute conditions. A relationship between nonconventional treatment and poor outcome was sought but this was not found because the number of reports describing non-conventional treatment was small and because it was difficult to establish a case for preventable morbidity on the basis of the reports alone.
Paediatrics
Hypotension was described in 25 children under the age of 14 years. Bradycardia was associated in 21 cases, which included nine cardiac arrests. All cases of cardiac arrest involved bradycardia or bradydysrhythmia. The causes attributed were consistent with bradycardia related hypotension overall. A poor outcome was reported in eight cases. These included three deaths on the table and one postoperative death. Significant cardiac or neurological disease was present in all children who died. The remaining four cases involved an ICU admission.
Verification of the sub-algorithm When the COVER ABCD-A SWIFT CHECK was applied to each report it was considered that the problem would have been detected in all cases either at the C1 stage of COVER or at C of ABCD; 18% of cases (n = 77) would have been diagnosed and, of these, two thirds would also have been resolved by application of the core algorithm COVER. The majority of these dealt with vaporiser incidents V2 (n = 9) breathing circuit problems V1 (n = 20), artefact from monitors R1 (n = 12), or equipment malfunction or errors with non-anaesthetic drugs R2 (n = 34). The remaining cases required either completion of the sub-algorithm for hypotension or pursuit of sub-algorithms for specific incidents dealt with under ABCD-A SWIFT CHECK. It was considered that the completion of the algorithm COVER ABCD-A SWIFT CHECK followed by the sub-algorithm for hypotension shown in fig 1 would have constituted appropriate management in all but six cases (1%). The reasons for the inadequacy of this sub-algorithm in these remaining cases included patient factors (two patients had asymmetrical pulses), problems with monitors (CVP monitors placed in arteries or over-reading), and logistical problems such as delays in receiving blood products.
The effectiveness of this structured approach was compared with that of the actual management as documented by each of the reports, and it was considered that, properly applied, it would have led to quicker and/or better resolution of the problem in 26 cases (6%). There was a significant delay in diagnosis in 21 of these and incomplete management in five. The most common inadequacies included failure to consider multiple causes-in particular, co-existing hypovolaemia, failure to set monitors appropriately (alarms disabled or left in manual mode), failure to check vaporiser settings or contents, and delays in diagnosing or administering adrenaline in anaphylaxis.
While it was considered that 6% of cases could have been managed better, it was felt that the reports did not provide adequate information from which to draw conclusions about preventable death and morbidity.
DISCUSSION
The requirements of the algorithm were considered to be the following:
N To facilitate respiratory and circulatory support as a temporising measure while the diagnosis is considered and definitive treatment is initiated. This would help to prevent degeneration into an unrecoverable condition. N To facilitate multiple causes and abnormalities of multiple systems being managed simultaneously to avoid focusing on one system to the exclusion of another. This is particularly relevant to the frequent association between hypotension and desaturation. Considering the common association of respiratory events in the causation or sequelae of end organ hypoperfusion, it was considered mandatory to ensure early aggressive support of both cardiovascular and respiratory systems.
The valuable role of pattern recognition in dealing with clinical problems was evident from the reports, the majority being resolved quickly and simply. However, in 6% of cases hypotension was reported as prolonged and difficult to manage either because the diagnosis or appropriate treatment was not immediately apparent. Contributing factors were identified and a conclusion made that these delays could have been avoided by the application of a structured management approach to these difficult refractory cases.
The sub-algorithm for hypotension is shown in fig 1. The hallmarks of the algorithm are early aggressive support of the circulation as a temporising measure while the diagnosis is considered and definitive measures are initiated. Supportive therapy is consistent with contemporary teaching. It begins with simple measures including the COVER algorithm, postural control and fluid therapy, with more aggressive therapy if the response is inadequate. The latter includes vasopressors (phenylephrine, metaraminol, ephedrine) and inotropes (adrenaline). The use of invasive cardiovascular monitoring should also be considered at this point. Definitive treatment is context specific.
Hypotension is frequently associated with abnormalities in other vital signs and it is unlikely that these will be addressed in a single algorithm. Rather, the algorithm for hypotension must succeed in directing the user along specific paths that facilitate identifying the differential diagnosis and appropriate management strategies. It was concluded that, when hypotension occurs in association with bradycardia, nonsinus tachycardia, real or apparent desaturation or signs of anaphylaxis (erythema, bronchospasm) or any other problem, then management would be most expeditious if these are considered to be the primary problem. Pursuing the specific sub-algorithms for these events (presented elsewhere in this series of articles 5-7 10-13 ) will offer definitive as well as supportive management and avoid delays. When hypotension occurs in association with sinus tachycardia, hypotension should be treated as the primary abnormality and the supportive therapy outlined above should be initiated immediately.
One of the most important considerations in the management of hypotension is a prompt response. It is imperative to avoid delays that could include the faithful consideration of an overly comprehensive differential diagnosis. While the hypotension persists at potentially dangerous levels, ''confirmation bias'' has been identified as one reason why wrong diagnoses are made during crises. 5 14 Several issues arose which are worthy of discussion: N Multiple diagnoses: 17% of cases involved multiple causesfor example, if spinal or epidural anaesthesia is present then the contribution of posture and hypovolaemia should be specifically addressed.
N Relative drug overdose: ''standard treatment'' being poorly tolerated because of pre-existing patient condition. Hypotension which appeared to be drug induced with a ''standard'' dose was called relative overdose. Of the total of 144 cases in which drugs contributed to hypotension, 73 were thought to have involved relative overdoses. This is similar to previous experience with cardiac arrest during anaesthesia in which relative overdose was thought to have been responsible for approximately 40% of drug related events. 15 In this series of AIMS reports approximately half the reports of relative overdoses involved induction agents (n = 35). Propofol was the specified agent in nine cases and thiopentone in 12. In many cases multiple agents were used during induction including fentanyl and midazolam. Only half of all cases of relative overdose (n = 34) occurred in patients of ASA grades III-V. Within these grades the most commonly cited preexisting conditions were cardiac failure (n = 11), renal impairment (n = 5), pulmonary compromise (n = 4), advanced age (n = 3), anaemia (n = 4), hypovolaemia (n = 4), cachexia (n = 2), obesity (n = 1), multi-trauma (n = 1), and an immunocompromised state (n = 1).
Key messages
N Among the first 4000 incidents reported to AIMS there were 438 reports (11%) describing 550 causative events that identified hypotension during anaesthesia.
N The most commonly affected ASA grades were II and III and the most commonly involved anaesthesia phases were induction and maintenance.
N Drugs (26%) and regional anaesthesia (17%) were cited as the most common causes of tachycardia in this series. These two causes also predominated in the cardiac arrests that occurred in association with hypotension.
N Intravenous anaesthetic agents, opioids, and vaporiser incidents were the most common drug related causes.
N Predominant regional anaesthesia causes of neuraxial hypotension were subarachnoid spinals (46%) and epidurals (44%, including combined spinal epidural blocks 13%).
N Neuraxial hypotension from the 77 regional blocks was attributed to sympathetic blockade in 36 cases and high sensory level blocks in 14 cases.
N In the 17% of cases where more than one cause was identified, the most common combination was hypovolaemia and neuraxial anaesthesia.
N No abnormal heart rate or rhythm was reported in 158 cases of hypotension (36%).
N In 108 (25%) of all the cases of hypotension there was a cardiac arrest. There were no identifiable diagnostic or management factors found that would have enabled the prevention of the 40 cases that degenerated from initial hypotension to a pulseless state.
N Of the 356 cases where management was reported, ''non-conventional'' management on the basis of contemporary teaching was reported in 12.
N Poor outcome was reported in 28% of all cases. There were 34 deaths.
N There were 25 reports involving children under 14 years of age. Bradycardia was associated in 21 of these with nine cardiac arrests; all arrests involved bradycardia or bradyarrhythmia.
N It was considered that, while 12% of cases would have been appropriately managed with the core algorithm, the remainder required either use of the hypotension sub-algorithm or of other specific sub-algorithms for specific incidents dealt with under ABCD-A SWIFT CHECK.
N Neuraxial blockade: an association between neuraxial blockade and hypotension was also observed. While the total number of cases was small, there seemed to be a high incidence of cases involving hip surgery when compared with other procedures. This is consistent with the trend observed by the New South Wales Special Committee Investigating Deaths under Anaesthesia in the previous decade. 16 In the AIMS cases hypotension was often precipitated by reaming or cementing of the femur or acetabulum.
N Concomitant respiratory problems: it is common for an abnormality of airway and ventilation vital signs to coexist with hypotension. This may represent artefact secondary to hypoperfusion of the peripheries or it may be an expression of the same event causing hypotension or exist as a separate event. The actual cause may not be readily apparent and the situation warrants a systematic evaluation.
CONCLUSION
Hypotension is a common intraoperative event and is usually promptly assessed and successfully managed. However, the scope of hypotension is too large to be confidently managed on every occasion from either pattern recognition or first principles. An algorithm based approach can facilitate diagnosis and management but this cannot be achieved using a single algorithm. Rather, a working directory (or cross referencing system) that diverts the user along high yield diagnostic and management pathways is required. The approach described in fig 1 should support adequate respiratory and cardiovascular function while directing the anaesthetist to appropriate specific sub-algorithms.
